Background: Tonga was highly endemic for lymphatic filariasis (LF) caused by diurnally sub-periodic Wuchereria bancrofti transmitted by Aedes vector species. LF prevalence declined very appreciably as a result of chemotherapeutic intervention measures implemented in 1977, but low levels of infection persisted. Along with other Pacific Island countries and in partnership with the Pacific Programme to Eliminate LF (PacELF), Tonga implemented a programme to eliminate LF as a public health problem.
Introduction
Lymphatic filariasis (LF) is a significant public health problem in different regions of the world. The disease is widely prevalent in the Western Pacific region and South Pacific regions. Within the South Pacific region, 16 countries including the Kingdom of Tonga are endemic for LF. The epidemiology of LF in the region is characterized by the prevalence of both nocturnally periodic and diurnally sub-periodic races of W. bancrofti and involvement of Aedes, Anopheles, and Culex vectors [1] . The most notable feature is a very high prevalence of Aedes-transmitted diurnally sub-periodic W. bancrofti in several countries including Tonga [1] . Tonga implemented intervention measures in the year 1976, leading to a dramatic decline of microfilaria (Mf) rate. However, residual infection persisted and remained as a challenge [2] .
In the year 2000, the WHO launched a Global Programme to Eliminate LF and it envisaged elimination of LF as a public health problem [3] . The goals of the programme are (i) interruption of transmission in all endemic communities using mass drug administration (MDA) and (ii) alleviation of suffering among people affected with chronic disease using morbidity management and disability prevention (MMDP) measures. WHO and various other stakeholders encouraged and supported the endemic countries to implement the MDA and MMDP interventions and eliminate LF. This significant development received further impetus in the South Pacific region by a regional programme initiative called the Pacific Programme to Eliminate LF (PacELF) [4] . This umbrella organization of 22 countries of the region provided logistics and technical support and guided launching and implementation of the national programmes to eliminate LF.
Tonga is an active proponent of PacELF and launched the national programme to eliminate LF in the year 2000. The implementation of the programme and its outcomes are presented in this paper.
Geography and population
The Kingdom of Tonga is an archipelago in the South Pacific Ocean. Covered with tropical rainforest, Tonga consists of 176 islands, geographically divided into three groups-Tongatapu in the south, Ha'apai in the centre, and Vava'u in the north. Isolated islands include Niuafo'ou, Niuatoputapu, and Tafahi (together known as the Niuatoputapu or Niuas island group) in the far north and Ata in the far south ( Fig. 1 ). Of the 176 islands, 36 are inhabited and Tongatapu is the largest and most populated island and includes the capital city of Nuku'alofa. For administration convenience, the country is divided into five divisions (Table 1) and there were a total of 22 districts. The climate of Tonga is tropical throughout the year. The total rainfall is higher in the most northern islands (2500 mm) and less in southern islands (1700 mm). Mean annual temperature ranges from 23 to 28°C and mean humidity persists around 75%.
About 98% of Tongans are Polynesian with a very small mixture of Melanesian people. As of 2011, the population of Tonga was 103,252. The division of Tongatapu accounts for 73% of the population and others 27% (Table 1) . Tonga achieved 98.9% literacy rate. Tonga has a small, open, and South Pacific island economy. The economy is characterized by subsistence agriculture, vulnerability to natural hazards, and significant reliance on external income that includes donor aid and remittances. The standard of living has improved considerably over the last 50 years, and there is now little absolute poverty. The country is placed 95 in the United Nations Development Programme's Human Development Index (HDI), one of the highest ranking of any Pacific island state. This high ranking reflects the comparatively high GNI per capita of US$4260 (2014), the high life expectancy, and the nearuniversal literacy.
Health care delivery
The Ministry of Health (MOH) is responsible for the delivery of preventative and curative health services in the country. MOH's mission is to support and improve the health of the nation by providing quality, effective, and sustainable health services and being accountable for health outcomes. Tonga's population has very good access to health care and high standard of health. Tonga has made good progress towards achieving the healthrelated Millennium Development Goal indicators for maternal and child mortality. This reflects Tonga's effective primary healthcare delivery and public health infrastructure. Health care is delivered in Tonga's island divisions through (i) one main referral hospital, (ii) three community hospitals, (iii) 14 health centres, and (iv) 34 reproductive and child health clinics. The health care network covers well the entire population [5] .
Prior LF situation LF in Tonga is caused by diurnally sub-periodic Wuchereria bancrofti and is transmitted by two species of mosquitoes, Aedes tongae [6] and Aedes tabu [7] [8] [9] . The prevalence of LF was very high in different islands of Tonga for centuries (Table 2) . A comprehensive study conducted in 1976 by Desowitz et al. [2] in Te'ekiu village, Tongatapu island, and Pangai Island, Ha'apai group, provides an insight into the magnitude of LF problem. In this study, the Mf prevalence was found to be 45% and the geometric mean density of Mf ranged from 1.00 to 56.80 in different age groups. Of the examined people in different age groups, 50 to 94% showed skin test positivity with Sawada's FST-31 Dirofilaria immitis antigen (Ag). The hydrocele prevalence was found to be as high as 55% and lymphedema/elephantiasis (locally known as Kulakula) prevalence 8.0%.
A country-wide Mf prevalence survey, using thick blood smear technique, in 1976, showed an Mf prevalence of 17.4% (n = 9882). In an effort to control LF, a mass treatment programme was initiated in May 1977. Under the programme, a single dose of DEC was given once a month and in total 12 doses were given over a period of 12 months [4] . A post-treatment nation-wide survey in 1979 showed an Mf rate of 1.0% (n = 9676), indicating an appreciable impact of the mass treatment. A follow-up Mf survey carried out during 1983-1984 showed an Mf rate of only 0.35% (17/4875), suggesting a further decline from the level observed in 1979. Further surveys carried out in 1998-1999 revealed an Mf rate of 0.63% (10/1584), suggesting persistence of residual infection (Table 2) .
LF elimination programme
Following the 1997 World Health Assembly Resolution on LF elimination and launching of the Pacific Programme to eliminate lymphatic filariasis (PacELF) [4] , the MOH, Tonga, decided to launch a national LF elimination programme.
The programme was coordinated by the Director of Health and managed by the Chief Medical Officer, Public Health. The medical officers of the three health districtsVava'u, Ha'apai, and 'Eua-extended support in implementing the programme in respective districts. The programme was implemented through Reproductive and Child Health clinics and Health Centres. The objectives of the programme were (i) to achieve 100% geographic coverage with MDA in the year 2001, (ii) to implement five effective rounds of MDA throughout the country, and (iii) to achieve interruption of transmission by 2005.
To implement the NPELF, particularly the MDA, each division/island group was designated as an IU. Thus, there were five IUs-and these included 'Eua, Ha'apai, Ongo Niua, Tongatapu, and Vava'u.
Delineation of endemicity
On the eve of launching the programme to eliminate LF, the MOH carefully analyzed the LF historical data and the LF situation in the country. Besides, a nation-wide Ag survey was carried out, using immunochromatographic card test (ICT) (Alere: Binax Now), in 1999-2000, to identify the endemic areas to implement the MDA programme. Subsequently, this survey was considered as a survey of monitoring and evaluation (M & E), and its outcome was used as baseline data for MDA programme (see the "M & E" section).
MDA implementation
Starting from 2001, five consecutive rounds of annual MDA were implemented throughout the country during 2001-2005. An additional MDA was implemented in 2006 in the Niuas group of islands. MDA was implemented as effectively as possible to meet the stiff LF elimination criteria for Aedes vector areas, i.e., < 1.0% Ag prevalence in 6-7-year-old children [13] . For the implementation of MDA, each of the five divisions was considered as an implementation unit (IU). As per the WHO and PacELF guidelines, diethylcarbamazine (DEC) + albendazole (ALB) combination therapy was used in the MDA programme. The quantum of drugs required for the five IUs was estimated by the MOH on the basis of population size. The drugs were procured well in advance and stored in Tongatapu. ALB was procured for each round of MDA from the donor pharmaceutical company, GlaxoSmithKline, through WHO/PacELF facilitation. DEC (in 50 mg formulation) was procured by the MOH through the Japan International Cooperation Agency as a donation. The drugs required for each island group were sent from Tongatapu at least 2-3 weeks prior to the drug distribution date.
The national programme, in consultation with different island group health personnel, developed the drug distribution guidelines and strategies. Community leaders, elders, nobles, and religious leaders and heads of community-based organizations, who play an important role in decision-making and influencing the opinion, were co-opted to support the MDA. The drugs were distributed with the help of government census data (1996) . Using this data, health workers visited the households in each community and prepared a register for each household. Drugs were distributed with the help of the registers and the drug distribution and drug consumption details were recorded for each household.
In each island, the local health personnel, with the support of central team members, distributed the drugs on the main island and peripheral islands of each division. In each division, for each district, the district nurse was made in charge of drug distribution. He/she organized 5-6 teams and each team consisted of 3-4 health personnel from among the reproductive health nurses in hospitals and health centres, clinical nurses and nursing practitioners, and pharmacists. No community volunteers were involved in the drug distribution. Drugs were delivered in central places, particularly churches, as a significant proportion of people regularly attend the church services. The church encouraged the communities to actively participate in the programme. Schools were used to distribute the drugs to children and higher-class students. Those who missed the treatment in churches and schools were informed to gather in community halls and were provided drugs. In order to further improve the treatment coverage, house to house visits were made to deliver the drugs to those people who missed treatment in central places. Throughout the programme, directly observed treatment was practiced. Drug distribution activity in each division required 3-4 weeks, as teams of only the health workers distributed the drugs and travel to smaller islands was time-consuming. At times, bad weather delayed the drug distribution activity and held up the teams in smaller islands for days together. Prior to launching the programme, two staff from MPH received training on MDA at PacELF, Suva, Fiji. The staff conducted a training programme at MPH, Nuku'alofa, to medical officers of different divisions. The medical officers imparted training to various categories of health personnel in their respective divisions.
The drugs were given at the WHO recommended dose-DEC at 6 mg/kg body weight and one tablet of ALB (400 mg). During each round of drug distribution, drugs were given according to the age of the person. The dosage of drugs for different age groups was determined on the basis of relationship between age and weight of the population. Children < 3 year age, pregnant women, seriously ill, and people aged > 80 years were excluded from MDA. The incidence of side reactions was monitored among treated communities.
The drug distribution activity was supported by information, education, and communication campaign on TV, radio, and newspapers. In churches, community notices on MDA were read out by priests and ministers to the assembled people. Pamphlets in the local language, highlighting the public health importance of LF and the objectives of MDA, were distributed. Community meetings were held to explain the purpose of the MDA programme. Most of the drug distribution activity was completed on day one of the programme. However, people who missed the treatment were visited at household and given the treatment during the following days and weeks.
Adverse events were very rare in the treated population during different rounds of MDA. There were very few cases of headache or lethargy. The symptoms were so mild that no response from the health system was required. In very few cases, treatment with paracetamol was advised.
M & E
Epidemiological M & E of the MDA programme had been a key component. The programme followed the M & E guidelines envisaged by the PacELF and outlined in PacELF monitoring and analysis network [4] . The M & E included Ag surveys, conducted at four time points as described below.
A survey It is a baseline assessment of LF Ag prevalence in the country, using a protocol of convenience sampling of the adult population in sentinel sites. The survey was conducted in 1999-2000, which is prior to MDA. [13] . In accordance with the guidelines of the D survey, the survey was conducted among the children of six years. The survey was school based and conducted among children of 1st grade, most of whom are six years old. Prior to the survey, school principals were contacted through the Ministry of Education and informed the objectives of the survey. An Ag prevalence of < 1.0% among the surveyed children is considered as an indicator of transmission interruption and stopping the MDA.
Tonga implemented all the above surveys and the results are presented below. All Ag surveys were carried out using the ICT cards, which were procured and supplied by PacELF. The ICT cards were stored and tests conducted in the field per the instructions given in the manufacturer's brochure.
Post-MDA surveillance surveys
The current post-MDA surveillance guidelines of the WHO recommend conducting TAS twice, i.e. TAS 2 and TAS 3. TAS 2 is to be conducted 2-3 years after TAS 1 or stop MDA survey and TAS 3 after 2-3 years of implementing TAS 2. The guidelines recommend testing of 6-7-year-old children drawn from 30 to 40 schools or communities of an evaluation unit (EU). If the number of children found positive for Ag is equivalent or less than the critical cutoff value, the prevalence rate of < 1.0% had been determined as the critical cutoff value and this level is considered to sustain transmission interruption [13] .
As part of the post-MDA surveillance, TAS 2 was conducted in 2011 (it was due in 2010, but could not be conducted due to logistic reasons), i.e., four years after stopping the MDA. Epidemiologically, leaving a gap of four years between stop MDA survey and TAS 2 is good because it enables detection of new infections, if any, occurred over a longer period of four years. TAS 2 was also conducted in all the five divisions, which were together considered as one EU. It was conducted among school children, as the enrolment rate was > 75% [13] . In the schools, first grade students were blood tested to assess Ag prevalence, using ICT cards. Approximately, a total of 3100 students were enrolled in first grade in all the five divisions. To make the TAS outcome very robust, all the first grade students attending the school were tested for Ag. In TAS 2, a total of 2451 students were blood tested. TAS 3 was conducted following the same methodology as in TAS 2. It was conducted in 2015, i.e., about 4 years after conducting TAS 2. In TAS 3, a total of 2883 students were blood tested.
Treatment of Ag-positive individuals
As and when Ag-positive individuals were detected in any survey, they were treated with single dose of DEC + ALB. They were advised to undergo further blood testing for Mf or Ag and take treatment if found positive.
Data collection and management
The district level health officers were responsible and coordinated data collection in different districts. They transferred the original data forms to the division level health officer, who transferred the data to the central programme manager. The programme manager organized the data and undertook analyses from time to time.
Results

A survey (baseline survey) (1999-2000)
A total of 4002 people were surveyed for Ag, and the Ag prevalence rate was found to be 2.7%, ranging from 0.0% in 'Eua to 37.7% in Nuas. This Ag prevalence of 2.7% was higher than the threshold level (1.0%) for areas endemic for LF transmitted by Aedes species [13] . Three factors-(i) history of high prevalences of LF in various parts of the country (Table 2) , (ii) persistence of 1.0% Mf prevalence after intervention measures in 1977, and (iii) 2.70% Ag prevalence observed in the baseline survey-prompted the MOH to follow a cautious approach and declare that LF continues to persist in the country. Therefore, the MOH declared that the entire country is endemic for LF, and an MDA-based LF elimination programme will be implemented throughout the country.
MDA (2001-2006)
In total, five rounds of MDA were implemented throughout the country during 2001-2006. The geographic coverage of the programme was 100% from the first year of the MDA programme (Table 3) . During each of the five MDAs, very effective treatment coverage was achieved. The programme drug coverage ranged from 81.6% in 2001 to 90.8% in 2003 (Table 3 ). There were no reports from health centres on any group of people or any village consistently refusing treatment. Thus, systematic noncompliance was never an issue for the programme.
Mid-term survey (2003-2004)
The mid-term survey was conducted in all five divisions. A total of 3294 people were assessed for Ag, and the number tested ranged from 858 to 1043 in different divisions. The overall Ag prevalence was 2.46% and the prevalence in different islands ranged from 0.0 to 6.98% (Table 4) .
C survey (pre-stop MDA survey, 2006)
A total of 2927 people were tested and the number tested in different divisions ranged from 451 to 630. The sample of 2927 was drawn from 31 communities in five divisions. The overall Ag prevalence was 0.34%. While Niuas showed Ag prevalence of 0.46% (5/(630 + 463)) (range 0.0-1.16%), Ha'apai showed 1.07% (range 1.87-4.00%). All the other divisions showed 0.0% (Table 5) .
The Ag-positive individuals were blood tested for Mf. Of the five Ag-positive individuals found in Niuatoputapu, Niuas, one each in the two communities was found positive for Mf. All the five Ag-positive individuals in Ha'apai were negative for Mf.
D survey (TAS 1/stop MDA survey, 2007)
The survey was conducted in all five divisions. Of the 3283 children registered in schools, 2391, equivalent tò
72.8%, were tested for Ag and none of the children were found positive (Table 6 ) The results clearly suggest that transmission is totally interrupted in every group of islands. Thus, the major objective of the programmetransmission interruption-has been achieved. Accordingly, it was decided to stop the MDA programme.
Post-MDA surveillance surveys (2011 and 2015) TAS 2
A total of 2451 students drawn from all five divisions were tested for Ag and none of them was found positive, and the Ag prevalence was 0.0%. This result indicates that transmission interruption, evident from the results of D survey (TAS 1) that revealed 0% Ag prevalence, sustained from 2007 to 2011 period.
TAS 3
A total of 2806 children from all the five divisions were tested for Ag and one child was found positive, and the Ag prevalence was 0.04%. The positive child belongs to the Niua's division. This extremely low level of Ag prevalence suggests that transmission interruption continued to be sustained over a period of 2007 to 2015.
MMDP
After the implementation of a nation-wide mass treatment programme in 1977, the Mf rate declined dramatically and remained at about 1.0% level. The studies and surveys conducted in subsequent years showed that prevalence of Mf continued to be low. Simultaneously, there has been a tremendous decline also in the prevalence of chronic disease, both lymphoedema and hydrocele. Currently, people with lymphoedema and hydrocele condition are rare and the younger generation is completely free from the disease.
Discussion
Tonga had a history of a high prevalence of microfilaraemia and chronic disease. The hydrocele prevalence of 55% recorded in 1976 was among the highest observed in LF endemic areas (Table 2) . Effective intervention measures implemented in 1976 had a dramatic impact on Mf prevalence. The reduced levels of Mf prevalence were sustained, which is evident from the relatively low Ag prevalence (2.70%) recorded in 1999-2000, when the baseline Ag prevalence was assessed for LF elimination programme. However, this Ag prevalence is higher than the recommended threshold level of 1.0% for Aedes vector areas. Left untreated, this low-level Ag prevalence may continue to persist for several years. Hence, Tonga had chosen to implement the MDA programme to reduce the infection to below threshold level and eliminate LF as a public health problem. The MOH had implemented very effective MDA, evident from very high treatment coverage rates over the six year period. Ag prevalence of 0% in stop MDA survey and TAS 2 and < 0.1% in TAS 3, over a period of eight years (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) , clearly suggest that the LF transmission in Tonga has been interrupted by the MDA programme. Such impressive results from all over the country also suggest that there are no hotspots in the country and LF is unlikely to resurge. The programme has met all the LF elimination criteria for interruption of transmission viz., (a) five consecutive rounds of effective MDA and (b) reduction and sustenance of Ag prevalence in children to < 1.0% [14] . Thus, the Kingdom of Tonga achieved total interruption of transmission of LF.
A few research studies also confirmed that Tonga eliminated LF as a public health problem. To examine the application of CELISA antifilarial IgG4 antibody (Ab) assay in surveillance of the LF elimination programme, Joseph et al. [15] conducted a study in three countries including Tonga. Under the study, 797 school children aged 5 to 6 years were tested for Ag using ICT and those that tested ICT positive were re-examined for Mf. The children were drawn from schools in 'Eua, Ha'apai, and Vava'u. Filter paper samples were also collected for Ab serology. The study showed Mf and Ag prevalence of 0% and Ab prevalence of 6.0% in Tonga. It confirmed "cessation of transmission" in Tonga. The higher Ab prevalence was attributed to sensitivity and specificity of the filariasis CELISA for filter paper sampling, which at the time gave false-positive results at a rate of about 40% [15] . In a study on the feasibility of synchronous assessment of STH with TAS, Chu et al. [16] tested 1800 children from 74 schools in Tongatapu and 634 children from 53 schools in Vava'u and Ha'apai for LF Ag prevalence, using ICT cards. The study showed an overall Ag prevalence of 0.3% (7/2434). The prevalence was 0.2% (3/1800) in Tongatapu and 0.6% (4/634) in Vava'u and Ha'apai. These prevalences were well below the critical cutoff value of < 1.0%. This study also confirmed the sustenance of interruption of transmission of LF in Tonga.
Elimination of LF in Tonga is considered as a significant success, because in some countries of the region such as French Polynesia [17] and American Samoa [18] , the low levels of prevalence and transmission of LF persisted despite intensive intervention measures. This persistence infection is attributed to the inherent high capacity of the Aedes vectors to perpetuate transmission [19] . Nevertheless, the success in Tonga and also Cook Islands [20] demonstrates that Aedes-transmitted LF can be eliminated, even with 5-6 rounds of MDA.
People with chronic disease condition have become very rare and no disease was found in younger generation. If any patient with chronic disease was found in any division of the country, the health centres and hospital will provide them quality services to alleviate the suffering in lymphedema and hydrocele patients. Thus, from the perspective of MMDP, Tonga met the LF elimination criterion.
Following the completion of all surveys and generation of proof that transmission was interrupted and chronic disease condition was very rare, Tonga submitted the dossier and successfully obtained WHO's validation of elimination of LF as a public health problem in the year 2018.
The WHO guidelines suggest that, after validation of elimination of LF as a public health problem, surveillance activities should be continued to detect persistent LF infection foci, if any [13] . After the elimination of LF as a public health problem, the next milestone of the programme is the elimination of transmission, which envisages reduction of incidence of new LF infection to zero level. The MOH intends to hold discussions with stakeholders and regional forums to progress towards elimination of transmission of LF from the country. Authors' contributions RO and TO were responsible for the coordination and implementation and data management and recording of the entire public health program of Tonga reported here. PEA provided technical support for the implementation of MDA and M & E activities. KDR was a consultant to the World Health Organization who analyzed the data and summarized the progress of this successful health programme. All four authors were responsible for the writing of the sections of the manuscript. All authors read and approved the final manuscript.
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